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ABSTRACT 

To support the development of Kairos Power’s fluoride-salt-cooled high-temperature reactor, irradiation 

testing of tristructural isotropic (TRISO) fuel compacts was performed at the Oak Ridge National 

Laboratory (ORNL) High Flux Isotope Reactor (HFIR) to collect experimental data on TRISO fuel during 

high particle-power operation and validate fuel performance models. Fuel compacts containing enriched 

uranium oxycarbide (UCO), natural UCO (NUCO), or uranium dioxide (UO2) TRISO particles were 

fabricated at ORNL and inserted into MiniFuel targets for HFIR irradiation. Five MiniFuel targets were 

successfully assembled, welded, tested, and delivered to HFIR, along with their quality assurance 

documentation. The targets were inserted into HFIR’s inner vertical experiment facility within the 

permanent beryllium reflector. Each target contains six fuel compacts and will be irradiated in HFIR for 

four cycles, with target temperatures of 500, 700, and 900°C. This report summarizes the experiment 

design, test matrix, and fabrication. This work was performed under the Nuclear Science User Facility 

program.  

1. INTRODUCTION 

The fluoride-salt-cooled high-temperature reactor (FHR) concept developed by Kairos Power (KP) 

leverages tristructural isotropic (TRISO) fuel in pebble form, combined with a low-pressure fluoride salt 

coolant. The heat transfer properties of molten salt enable high-power density, resulting in high particle 

powers relative to advanced gas-cooled reactor concepts. Part of the FHR development effort includes 

collection of experimental data on TRISO fuel during high particle power operation to validate fuel 

performance models and to predict the particle failure proportion. High-power TRISO particle irradiation 

testing is expected to demonstrate significant performance margin compared to that shown in current U.S. 

Advanced Gas Reactor (AGR) irradiation tests, which were performed at significantly higher temperatures 

(~800-1,300˚C) compared to FHR temperatures (500-700˚C). 

KP and Oak Ridge National Laboratory (ORNL) have developed an irradiation campaign to investigate 

TRISO particle fuel performance at temperatures similar to those in an FHR core. Different kernel 

compositions are being explored to presumably demonstrate improved fuel performance with uranium 

oxycarbide (UCO) kernels at very high powers; uranium dioxide (UO2) particles serve as a test control and 

have historically been the standard for high performance particle fuels [1][2]. This report summarizes the 

experiment design, test matrix, and fabrication. 

2. EXPERIMENT DESIGN 

2.1 IRRADIATION FACILITY 

The experiment design is detailed in the report by Gallagher et al. [3] and is summarized in this section. 

Figure 1 illustrates the components of the MiniFuel experiment design. The experiment facility consists of 

an aluminum basket with three radial positions (R = 1, 2, 3) and three axial positions (A = 1, 2, 3), for a 

total of 9 positions. Two of the radial positions face the core (R = 2 and 3), and the middle axial position 

(A =2) is located around the core’s mid-plane. MiniFuel targets can be inserted in each radial position and 

stacked at each axial position. A MiniFuel target is made of a stainless-steel tube sealed on both ends which 

contains a stack of six individually sealed subcapsules. The positions of the subcapsules in the target are 

referred to as S = 1 (bottom position) through S = 6 (top position). Centering thimbles made of titanium 

alloy are placed at each end of the subcapsules, ensuring that the gas gap between the target tube and the 

subcapsule is radially uniform and cannot be displaced during irradiation. The target irradiation temperature 

of the fuel specimens is controlled by the size of the gas gap and the fill gas thermal conductivity, which is 

a mixture of helium and argon gas. The subcapsule is composed of Mo and contains the fuel specimen, SiC 
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spacers, a Mo insert tube, SiC passive thermometry, a graphite fission product sink, and grafoil disks. A 

Mo end cap is welded to the holder to seal the subcapsule. All subcapsules are sealed with pure helium 

backfill gas. 

 

Figure 1. MiniFuel experiment design for Kairos targets [3][1]. 

2.2 EXPERIMENT TEST MATRIX 

Table 1 provides details of the experiment irradiation test matrix, the irradiation conditions, and the 

specimens being inserted in the targets. Each target contains 6 TRISO compacts, containing UCO, natural 

UCO (NUCO), or UO2 kernels (see section 3.1). The irradiation locations specified in Table 1 correspond 

to the as-inserted in HFIR target location in the MiniFuel basket. 

Table 1. Irradiation test matrix 

Target 

ID 

Number of 

irradiation 

cycles 

Target 

temperature 

(°C) 

Compacts 
Irradiation 

location (R-A) 
Target fill gas 

KP01 

4 

900 3 UCO + 3 UO2 1-2 Ar 

KP02 500 3 UCO + 3 NUCO 3-2 Ne equivalent (59.5% Ar/ He bal.) 

KP03 500 6 UCO 3-3 Ne equivalent (59.5% Ar/ He bal.) 

KP04 700 3 UCO + 3 NUCO 2-2 Ne equivalent (59.5% Ar/ He bal.) 

KP05 700 6 UCO 2-3 78% Ar / 22% He 
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2.3 THERMAL RESULTS 

To predict the irradiation temperatures of the MiniFuel compacts, neutronic and thermal analyses were 

performed [3]. The target temperature for each compact was defined by the time-averaged and volume-

averaged irradiation temperature of the specimen TRISO SiC layers. Table 2 summarizes the thermal results 

[3] for each target. The radial irradiation location of the targets in the MiniFuel basket considered in the 

neutronic and thermal analyses [3] is different from the actual radial location where the targets were loaded 

for irradiation in HFIR: targets KP02/KP03 and KP04/KP05 were loaded in radial position R=3 and R=2, 

respectively, whereas they were considered in radial position R=2 and R=3, respectively, in the numerical 

analyses [3]. The as-irradiated target thermal analyses will be completed and reported in a future document. 

Table 2. Thermal results of TRISO SiC layer for each target 

Target ID Temperature (ºC) 
Subcapsule position 

S=1 S=2 S=3 S=4 S=5 S=6 

KP01 
TRISO SiC layers 

average 885 892 888 888 884 884 

maximum 985 997 996 1001 990 985 

minimum 820 827 822 819 818 820 

SiC thermometry average 895 899 897 895 892 894 

KP02 
TRISO SiC layers 

average 485 497 489 497 486 493 

maximum 561 516 569 516 565 511 

minimum 437 471 440 472 438 469 

SiC thermometry average 495 499 499 500 497 501 

KP03 
TRISO SiC layers 

average 485 483 485 487 486 489 

maximum 551 550 552 554 552 553 

minimum 436 435 438 441 442 447 

SiC thermometry average 493 491 492 494 495 499 

KP04 
TRISO SiC layers 

average 673 690 675 688 676 682 

maximum 764 718 766 715 765 707 

minimum 616 652 620 651 622 647 

SiC thermometry average 690 699 691 697 693 699 

KP05 
TRISO SiC layers 

average 677 679 678 679 677 675 

maximum 757 760 760 761 759 755 

minimum 618 619 620 621 620 620 

SiC thermometry average 693 692 692 693 693 695 

 UO2       

 NUCO       

 UCO       
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3. EXPERIMENT FABRICATION AND HFIR DELIVERY 

3.1 SPECIMEN FABRICATION 

ORNL fabricated fuel compacts for this experiment [4]. Each compact contains 20 UCO, NUCO, or UO2 

TRISO particles compacted in a carbon matrix. The TRISO particles were not fabricated as part of this 

work but were existing AGR-2 particles. Table 3 shows the uranium content per compact, enrichment, and 

mass of 235U. 

Table 3. Characteristic of the fuel for each type of compact 

Compact/ 

kernel type 
Batch # Enrichment 

U mass per 

compact (g) 

235U mass per 

compact (g) 

NUCO NUCO 425-08T 0.71% 0.00761 0.00005 

UCO LEU09 14.029% 0.00762 0.00107 

UO2 LEU11 9.60% 0.01215 0.00117 

 

Pre-characterization of the compacts included dimensional inspection, density measurements, and x-ray 

computed tomography to provide data on kernel volume and position in the compact. The pre-

characterization data are summarized in Gerczak et al. [5]. 

3.2 SUBCAPSULES ASSEMBLY 

A total of 30 subcapsules were assembled. Figure 2 shows the parts layout for one subcapsule. The signed 

subassembly fabrication request forms are provided in Appendix A. 

 

Figure 2. Subcapsule parts layout (Credit: ORNL, US Department of Energy). 
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All subcapsule components were dimensionally inspected and cleaned according to HFIR-approved 

procedures, drawings, and sketches. After internal components were assembled, the subcapsule end caps 

were welded to the subcapsule bodies using an electron beam (EB) weld. Figure 3 shows the subcapsules 

after EB welding. The subcapsules assemblies were then placed inside sealed containers that were 

evacuated and backfilled with ultra-high purity helium three times to ensure a pure environment. The 

containers were placed inside a glovebox which was also evacuated and backfilled with the same gas that 

was used in the sealed containers, to a pressure equivalent to local atmospheric pressure. A small hole was 

seal-welded in each subcapsule end cap using a gas tungsten arc welding procedure. All welds passed visual 

examination. Each subcapsule was then sent for nondestructive examination, which included a bubble test 

and a helium leak test. All assemblies passed the nondestructive examination. 

 

Figure 3. Subcapsules after EB welding (Credit: ORNL, US Department of Energy). 

3.3 TARGET ASSEMBLY 

Five targets were assembled, each containing 6 subcapsules. The parts layout for one target assembly is 

shown in Figure 4. As can be seen in this figure, the target bottom end cap was welded to the target housing 

before the subcapsules were loaded. The signed target fabrication request forms are provided in 

Appendix A. The irradiation locations specified on the fabrication request forms do not correspond to the 

actual locations where the targets were loaded for HFIR irradiation (see Table 1). 
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Figure 4. Parts layout of one target assembly: individual parts layout (top)  

and assembly of centering thimbles and subcapsules (bottom) (Credit: ORNL, US Department of Energy). 

All target components were dimensionally inspected and cleaned according to HFIR-approved procedures, 

drawings, and sketches. After loading the subcapsules, centering thimbles, and compression springs, the 

target top end caps were orbital welded to the target housings. The targets were then placed inside a sealed 

container that was evacuated and backfilled with an ultra-high-purity helium/argon mixture (see fill gas in 

Table 1) three times to ensure a pure environment. The containers were placed inside a glovebox which 

was also evacuated and backfilled with the same gas that was used in the sealed container, to a pressure 

equivalent to local atmospheric pressure. A small hole was seal-welded in each target assembly’s top end 

cap using a gas tungsten arc welding procedure. All welds passed visual examination. Each target was then 

sent for nondestructive examination, which included a helium leak test, hydrostatic compression at a 

pressure of 7.1 MPa (1,035 psi), mass comparisons before and after hydrostatic compression to ensure that 

no water penetrated the target assembly, another post-compression helium leak test, dye penetrant 

inspection, and radiographic inspection. Figure 5 shows a fully welded target, along with a radiographic 

image of the welds. All target assemblies passed the nondestructive examination. 
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Figure 5. Final target fully welded (top), and radiography of the welds (bottom left and right) 

(Credit: ORNL, US Department of Energy). 

3.4 LOADING IN THE MINIFUEL BASKET 

The irradiation targets must be loaded into a basket assembly to keep the targets centered within the flow 

channel in HFIR’s small vertical experiment facility (VXF). A total of 9 targets were assembled inside the 

basket as shown in Figure 1. For this experiment, the 5 KP targets were loaded in the MiniFuel basket (ID 

MFB) in the irradiation locations shown in Table 1, along with 4 stainless-steel dummy capsules.  

3.5 FABRICATION PACKAGE AND DELIVERY TO HFIR 

Each irradiation experiment requires a fabrication package that is reviewed by an independent design 

engineer, a lead quality assurance (QA) representative, and a HFIR QA representative before it can be 

accepted for insertion into HFIR. The fabrication package must satisfy the requirements of the experiment 

authorization bases document (EABD). The irradiation of miniature fuel specimen experiments falls under 

document EABD-HFIR-2018-001, Rev. 1 [6], which specifies requirements that the rabbits must satisfy in 

the following areas:  

• thermal safety analyses,  

• material certification,  

• dimensional inspection,  

• cleaning,  

• assembly procedure,  

• sample loading,  

• fill gas,  

• welding, and  

• nondestructive evaluation.  

The fabrication packages for the MFB assembly and the KP targets were reviewed and approved by all 

parties and accepted by HFIR on May 11, 2021 and June 21, 2021, respectively. The final signed acceptance 

page of the targets’ EABD is provided in Appendix A. The loaded MFB was inserted into HFIR’s small 

VXF-11 position starting in cycle 493 (June 2021). 
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4. SUMMARY AND CONCLUSIONS 

Five MiniFuel targets containing TRISO compacts were inserted in HFIR to start irradiation in cycle 493 

(commencing on June 29, 2021); the irradiation will be completed after 4 HFIR cycles i.e., at the end of 

cycle 496, which is expected to end on January 7, 2022. Ultimately, the particle failure proportion and 

associated failure mechanisms will be determined through well-established post-irradiation examination 

(PIE) techniques. The failure and fission product release mechanisms may include kernel migration, 

interaction of fission products with coating layers, and athermal and diffusive release of fission products. 
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